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ABSTRACT
This thesis provides a theoretical and analytical framework regarding the arching effects
of tunnels. It gives a new explanation for the development of arching, develops a new method to
estimate the area of yield zones, and introduces a new technique of using triangular pre-support
tubes to reduce the ground surface settlement.
The approach that the author employs consists of two parts. First, by analyzing in detail
the past empirical results and analytical frameworks, different stages of arching are obtained. The
soil has maximum strength when the triangular prism just forms. The triangular prism transforms
into a combination of two triangular prisms later with increasing trapdoor downward movement.
The different stages of the triangular prism are then examined with the Mohr Failure Envelope
and the Mohr-Coulomb Failure Envelope.
Second, based on the observed results of crack formation (Heuer and Hendron, 1971),
there could be an inward movement of triangular failed wedges appearing around the springline
during the last stages of failure. By incoporating this result and the theory of triangular prisms, the
author presents a new method of estimating the yield zones of maximum soil strength for circular
and triangular tubes. It should be noted that this method is somewhat conservative because
inward moving triangular wedges are assumed to have formed.
Finally, a comparison between the traditional circular pre-support tubes and triangular pre-
support tubes is made using both Peck's Error Curve and the finite element analysis.
Thesis Supervisor: Herbert H. Einstein
Title: Professor, Department of Civil and Environmental Engineering
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Chapter 1. INTRODUCTION
1.1 The General Behavior of Arching
Arching can be defined as the transfer of stresses over a buried structure due to differences
in the deformation properties of the structure and the soil (Einstein, et.al., 1980). Active arching
results in the reduction of load on the underground structural support, which is like the trap door
in a trap door test, and often occurs either when the structure is more compressible, or when it is
the opening of the tunnel. In a simple elastic soil model, the basic ideas of active arching are pre-
sented in Figures 1-1 (a), (b), (c), (d), which consecutively show that the stress distribution for
structure and surrounding soil when the structure is more compressible than the surrounding soil
(active arching).
Passive arching, however, will increase the load on the underground structural support,
and is frequently found when the structure is less compressible than the surrounding soil. Cut-
and-cover underground structures are often good examples of passive arching. Figures 1-2 (a),
(b), (c), (d) consecutively show that the stress distribution for structure and surrounding soil when
the structure is more compressive than the soil (passive arching).
In the trapdoor test, a few general phenomena can be observed when a symmetric condi-
tion is concerned. In active arching, the vertical stresses on the trap door are reduced after the
trapdoor is moved downward. In Figure 1-3, which presents the general behavior during active
arching, Evans (1983) showed that a triangular zone above the door expands vertically with
noticeable dilation, while there is also some lateral contraction, which is largely compensated for
by the dilation. Those areas of soil on either side of the trapdoor act like abutments, receiving the
stresses transferred from the load above the trapdoor; these areas undergo vertical contraction
with some lateral expansion toward the door, and the major principal stress is vertical. However,
his measurement of the vertical and horizontal stresses indicates that the major principal stresses
directly above the door are approximately horizontal (see Figure 1-4).
Passive arching is shown in Figure 1-5. When the trap door moves upward, the vertical
stresses increase on the trap door, and arching will also be mobilized. A trapezoidal prism of soil
above the trap door moves upward with some vertical contraction and lateral expansion. This is
similar to the Rankine passive earth pressure zone, and the major principal stresses above the trap-
door are vertical. The areas of soil on either side of the trapdoor undergo horizontal contraction,
and some vertical expansion; the major principal stress is vertical in theses areas (see Figure 1-6).
This thesis will focus primarily on active arching which is particularly important regard-
ing surface displacement over shallow tunnels.
1.2 Objectives of Research
Ground surface settlement is the most important consideration in design and construction
of a shallow tunnel, especially when the tunnel is built in modem cities.
Construction of a driven tunnel results in a changed state of stress in the surrounding soil.
Since no soil material is perfectly rigid, construction must produce some strains and ground
movement. Many papers have been written proving that most ground movements occurring
around shallow soft ground tunnels are produced during construction. This doesn't mean that
ground movement is definitely harmful to a tunnels. On the contrary, some deformation may be
beneficial if the shear stress mobilized in the soils were to reduce the load on the lining.
Ground settlement can be reduced by using a steel rib or permanent concrete support
around the surface of the opening; however, there could be large variations between settlements if
different construction methods are used. For the horizontal pre-support of tunnels, circular tubes
are one of the popular ways to reduce the surface settlement of shallow tunnels. Figure 1-7 shows
the configuration of the circular pre-support tubes, which are used parallel to the longitudinal
direction of the tunnel. In Milan, a so-called Cellular Arch Method has been developed. It is a
composite structure of semicircular section similar to a framed structure, in which the longitudinal
elements (cells) are represented by pipes in reinforced concrete rendered functional by a series of
large transverse ribs (arches). This method can minimize the ground surface settlement for shal-
low tunnels (Lunardi, 1991).
The purpose of this thesis to present a method of decreasing the ground surface settlement
by minimizing the deformation around the pre-supporting tubes, and by further exploring the
development of arching. To simplify the research, uniform sand is the only soil material consid-
ered. Finally, a suggested design for the pre-supporting tubes is presented.
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Chapter 2. THE HISTORICAL REVIEW OF ARCHING
THEORY
2.1 Terzaghi's Investigations of Arching(1936)
Terzaghi, who is the father of soil mechanics, conducted the most widely known experi-
mental and theoretical investigations of arching. In his plain strain tests, a trapdoor initially
mounted flush with the base of a box containing sand (Figure 2-1(a)) was moved downward. The
total load on the trapdoor and the displacement of trapdoor were monitored at the same time. Fig-
ure 2-2 shows the actual and assumed sliding surface in Terzaghi analysis.
Figure 2-1 (b), (c), (d), (e) show results of Terzaghi's tests. The force on the trapdoor
decreases rapidly as the displacement begins, with minimum values occurring at a displacement
of about 1% of the trapdoor width. These minimum values were less than 10% of the overburden,
and could be even less if a dense sand is used. The load on the trapdoor will increase to 13% of
the overburden while the displacement of the trapdoor is increased to 10% of the trapdoor width.
In addition, the results of Terzaghi's tests indicated that the soil stresses above the trapdoor
at a distance more than 2 times of the width of the trapdoor won't be affected by the displacement
of the trapdoor (See Figure 2-1 (d)). Therefore, Terzaghi assumed that shearing resistance is only
mobilized in the region, which is smaller than 2 times of the width of the trapdoor, while the
remaining overburden acts as a surcharge. His equation is:
B2(r,- 2 ) 2 Ktan,( )H - 2Kt.( H
F = 1 - e + Bqe (2.1)
Where
F is the total force on the trap door.
H is the distance between the trap door and the surface of the overlying soil.
B is the width of the trap door.
r is the unit weight of the soil.
* is the friction angle of the soil.
q is the surcharge which acts on the soil.
c is the cohesion of the soil.
K is the coefficient of lateral stress, recommended to be taken as 1.0 by Terzaghi.
Terzaghi assumes that the shearing resistance is mobilized along the lower 2B of the slid-
ing surface while the remaining overburden acts as a surcharge. Then, the surcharge is equal to
q + r (H - 2B) when the soil cover H is 2B or greater, and the above equation can be modified as:
B2 (r - 2)
F =i (1 - e-4K~ a) + B [q + r (H- 2B) ] e-4Kta (2.2)2Ktanh
2.2 McCutcheon (1949) & Heuer and Hendron (1971)
In classical plasticity theory, the slip planes are assumed to be oriented in the directions of
the maximum shearing stresses; the plastic state is defined as the entire region where slip occurs.
Unfortunately, the actual slip line fields are very difficult to get for most problems.A com-
monly used simplifying approximation, offered by McCutcheon, assumed that slip lines are ori-
ented at ± (45 - ) o to elastically determined principal stress trajectories. This approximation
ignores the redistribution of stresses which accompanies the slip. Heuer and Hendron did some
model tests and assumed that the slip line boundaries of the radial shear zone correspond to the
experimentally observed sliding surfaces. The test results showed that the observed sliding sur-
faces and the predicted solution are similar in the orientation of their sliding surfaces (see Figure
2-3 and Figure 2-4). Any discrepancy may be largely attributed to the difficulty of observing
micro-cracking and to the deviation of the modeling material's behavior from the ideal elasto-
plasticity (Einstein, et.al., 1980). Furthermore, the observed crack formation for a non-uniform
stress condition (Figure 2-5) agrees well with the prediction of slip-line theory and with the shear-
wedge theory of Rabcewicz (1973). Failed wedges form at the springlines and gradually move
into the cavity while the soil above the tunnel slides down to fill the resulting void.
2.3 The Tests of Atkinson et. al.(1975)
Atkinson et. al. designed a simple but repeatable and reliable test (see Figure 2-6). Leigh-
ton Buzzard sand was poured in the direction of the assumed tunnel axis, the direction parallel to
the tube, to a void ratio of 0.52 while a grid of lead was placed in a plane normal to the tunnel
axis. A 32 mm radius tunnel (tube) consisting of two cylindrical rubber membranes, one mem-
brane is constructed inside the other. Both membranes were attached to cylindrical extension
pieces fixed to the sides of the sample box to minimize the end effects during collapse.
The tunnel was also filled with sand to the same level of sand which was outside the tun-
nel. After the pouring was finished, the annulus between the two membranes was pressured with
air with the magnitude of the overburden pressure at the crown (i.e. ao = T•c, where r is the unit
weight of soil, and c is the depth of the cover). The sand in the tunnel was excavated by using a
vacuum cleaner. During this process, the inner membrane collapsed, and the outer membrane
became the tunnel lining supported by air pressure.
The tests were conducted by reducing the tunnel pressure in stages until the collapse
occurred. A radiograph of the apparatus was taken after every decrement in tunnel pressure, such
as the one shown in Figure 2-7. Additional radiographs of the apparatus were taken before the
sand was excavated and after the tunnel had collapsed. Before and after the excavation of sand,
the lead shot images on radiographs revealed no discernible deformation.
The results of these tests showed that the first movements occurred just above the crown
long before the tunnel collapsed; Figure 2-8 indicates that such a movement was initially
restricted to a very small zone (which appeared to be the wedge ABC, whose sides were tangent
to the circle). Planes AB and BC make an angle 2v at B, where v is the angle of dilation. As the
tunnel pressure decreased further, this zone of movement grew upward toward the surface but it
still was restricted by two planes DE, FG, projected upward from the points close to the tunnel
springlines (see Figure 2-9).
Collapse was sudden and occurred at a well defined tunnel pressure for each test, and
resulted in a sudden large movement of sand into the tunnel causing a compression of the air and
a consequent increase in the tunnel pressure to a new equilibrium value. The pressures at both
collapse and final equilibrium state were recorded in Figure 2-10 where R is the radius of model
a, Ctunnel, and the dimensionless parameter has been plotted against ; The lower line repre-
sented the initial collapse, and the upper line indicated the final equilibrium state. From this figure
2-10, Atkinson found the tunnel pressure at initial collapse is almost independent of the cover to
radius ratio. The equilibrium tunnel pressure after collapse exceeds that required just to prevent
C C
collapse by a factor about 3 at = 1 and a factor of about 7 at = 4.
2.4 Evans' Plastic Model (1983)
Evans tried to describe the non-recoverable deformation that occurs in soils. The theory of
plasticity, therefore, was used to predict the flow rule, which relates the incremental plastic shear
strain to the incremental plastic volumetric strains. The plastic potential is defined as a curve,
which is perpendicular to all the plastic strain increment vectors. The angle of dilation v is defined
as the angle between the direction of plastic potential and the horizontal (see Figure 2-11).
To simplify the mathematics in solving the problem, the associated flow rule, in which v is
assumed to be equal to the friction angle ý, was used, and the major principal strain rate direction
was assumed to coincide with the direction of the major principal stress. The Coulomb failure cri-
terion was also used to define the direction of the failure surface.
Evans's trapdoor test is a plane strain active arching test, in which a triangular zone is
formed first. As the displacement increases, the triangular shaped zone expands vertically with
noticeable dilation (See Figure 2-12). Therefore, a free body diagram of a triangular section (see
Figure 2-13) is drawn with the sloping sides forming an angle v with the vertical. A state of so-
called "maximum arching "occurred, i.e., the load on the trap door is a minimum, or the soil has
the maximum strength (Einstein, 1980), when the dilation angle v approaches the friction angle ý.
Later, Iglesia found that the shape of Evans's assumption is exactly the same as Bierbaumer's
(1913). For the same configuration, the resultant of the forces due to the normal and shear stresses
at both sides of the triangle are horizontal, therefore, they do not contribute to the vertical load.
The minimum force Pmi,, (per unit length) on the trapdoor is only due to the weight of triangular
prism, and occurs when the displacements are 1-2% of the width of the trap door.
Evans presented the following two equation:
When H/B is smaller than 1/ (2tan ), the equation is:
F = THB(1- H tan ) (2.3)
When H/B is larger than or equal to 1/(2tan€), the equation is:
TB2
F - (2.4)4tan€
F is the total force on the trap door.
H is the distance between the trap door and the surface of the overlying soil.
B is the size of the trap door.
' is the unit weight of the soil.
0 is the friction angle of the soil.
The purpose of the limit value for H/B ratios is to consider whether a triangular zone can
be formed. A trapezoidal prism can be formed when the depth of the soil is not sufficient to con-
tain a triangular prism.
2.5 Stone's Experiments (1988, 1992)
Stone was the first to conduct the plain strain trap door test on the centrifuge. Leighton
Buzzard sand in different sets of particle sizes was used to observe the development of rupture in
soils as well as scale effects. Stone arranged the geomaterial into horizontal sand layers of differ-
ent colors. By observing the films taken while the centrifuge was turning, deformation patterns
were monitored.
A few pictures are presented from the results of Stone's centrifuge tests. Figure 2-14
shows the contours of maximum shear strain for different increments of trap door base translation;
and Figure 2-15 shows the vertical displacement for various base translations. The clearer pictures
are in Figure 2-16. These three pictures show that inclined shapes of yield zones are formed at the
initial stages of the experiment when the displacement is small. During this phase, the maximum
shear strain and vertical displacement contours change from a triangle to an arch-like shape. With
an increase in the displacement, the reorientation of the failure surface approaches the vertical.
Stone also considered the effects of scale. When the tests were run by using finer particle
sizes, more complex and more detailed patterns of localized deformation would also be observed.
The results show that the finer the sand, the smaller the displacement forming the localization.
Therefore, one can expect that the fine sands will show deformation patterns similar to those of
coarse sands only at the earliest stages of the experiments.
2.6 Iglesia's Theory (1991)
Iglesia suggested that the minimum load at relatively small trapdoor displacements can
probably be explained by considering a parabolic arch oriented at an angle of 0 = 90 - , (See
Figure 2-17) at the edge, consistent with Evans's condition of the dilation angle V = ý. Actually,
this shape is the same as Engesser's parabolic derivation, but the angle is different. Besides, by
using the Mohr-Coulomb failure criterion, and the assumption that the surfaces of the arch are the
failure surfaces, the relation between the horizontal and vertical stress at the level of the trap door
can be obtained.
From the geometric relationship in Figure 2-17, Iglesia obtained:
a, - x ah  (2.5)
1 + sin2
Iglesia tried to use the Engesser's (1882) equation
P = B2 r( HKa tan+  (2.6)
BKa + 2Htan+ 6
by assuming
o-v COS4 2K' 1 +sinO2  (2.7)h replacing+ sin2 by ', hegot
and replacing Ka by K%, he got
P,,i = B 2T ( HK' ) (2.8)
BK'+2Htano 6
He wanted to keep in line with Engesser's formulation, but the angle of Engesser's equa-
tion and that of Iglesia's equation are complementary. Therefore, a modified expression for the
minimum load can be obtained as below:
HK' cot
Pmin = B2T ( +  )  (2.9)BK'+ 2Hcoto 6
normalizing this with the geostatic force (per unit length) P0 = r HB, one obtains
( ) -B K + (2.10)
an H + 2 cot
By applying this equation to centrifuge tests, he concluded from Table 2-1 that his pro-
posed Engesser-Bierbaumer-Evans hybrid scheme provides a very good prediction of the mini-
mum trapdoor load.
Finally, he found that the computed load for parabolic yield zones are almost the same as
the computed load for the triangular yield zone; this could possibly explain why the load tends to
be at a low level for quite a while as the triangular arch slowly transforms into the curved arch.
Eventually, the soil will collapse, and the failure surface will become vertical.
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Figure 2-6 The Model Tunnel Test Apparatus (Atkinson et. al., 1975)
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Figure 2-7 A Radiograph of the Model Tunnel Test (Atkinson et. al., 1975)
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Figure 2-8 Collapse Mechanism of the Model Tunnel Test for Initial Failure
(Atkinson et. al., 1975)
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Figure 2-9 Collapse Mechanism of the Model Tunnel Test for Final Equilibrium
(Atkinson et. al., 1975)
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Figure 2-10 The Results of the Model Tunnel Test (Atkinson et. al., 1975)
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Chapter 3. New Explanations for the Development of the Tri-
angular Prisms
3.1 Introduction
The development of triangular prisms are not clearly understood. In this chapter, the
Mohr-Coulomb failure envelope and Mohr failure envelope are used to explain the development
of triangular prisms.
After the triangular prism has already formed, the shapes of the yield zone will change
with the increment in the downward trapdoor displacement. This change can be divided roughly
into four stages which are shown in the pictures of Evans' experiment (see Figure 2-11), and the
pictures of Stone's tests (see Figure 2-13, and Figure 2-14). Figure 3-1 shows the first stage when
the triangular prism has just formed. Figure 3-2 indicates that the previous triangle has changed
into a combination of two triangles. One has a steeper slope than the initial triangle had, and the
slope of the other is flatter. Figure 3-3 shows that the lower triangle develops upward, and the
slope of upper triangle decreases continually (It seems that the development is very similar to that
of a circular arch in this stage). The final state is plotted in Figure 3-4, in which the upper triangle
has an approximately horizontal slope, and reaches a new equilibrium state.
Two kinds of failure envelopes are used for analysis. They are the Mohr Failure Envelope
and the Mohr-Coulomb Failure Envelope. The difference between these two types of envelopes is
that the Mohr Failure Envelope is a curve, while the Mohr-Coulomb Failure Envelope is a straight
line.
3.2 Assumptions
The analysis is based on the following assumptions:
1. Both sides of the triangular prism are assumed to be failure surfaces.
2. After the stresses are redistributed, the sides of the prism are still failure surfaces even
though their shapes have changed.
3. For active arching, the major principal stress is approximately horizontal in the triangu-
lar prism (Evans' and Engesser's theories).
4. The Mohr failure envelope and the Mohr-Coulomb failure envelope are used for analy-
sis.
5. Only one Mohr failure envelope is assumed, but more than one Mohr-Coulomb failure
envelopes are assumed for the following reasons: Since the Mohr-Coulomb failure enve-
lope is a straight line, the corresponding slope of the failure surface is unique. A unique
failure surface slope cannot explain the actual situation. To solve this problem, more
than one Mohr-Coulomb failure envelopes have to be assumed. The Mohr failure enve-
lope, however, has different slopes at different stress levels which corresponds to the
actual observation. Details will be explained in section 3-3 and 3-4.
6. The term "i" is defined as the initial stage, and the term "1" is defined as the latter stage.
7. The term "m" is a constant, and is defined as (A a1) / (A 3) . "m" will be used to decide
whether the particles, which have new stress states, are still on the same Mohr- Coulomb
Failure Envelope by comparing the old "m" with the magnitude of the new "m".
3-3 The Explanation of Triangular Arching by Using the Mohr-Coulomb Fail-
ure Envelope
3.3.1 The Relationship between Different Stress States on the Same Failure
Envelope
After the stresses redistribute in the soil, the Mohr-Coulomb failure envelope can be
changed. There is a relationship between stresses if the soil still has the same Mohr- Coulomb
failure envelope. i.e. the same slope of slip lines exit as before the stress redistribution. This rela-
tionship is explained below.
The basic assumptions are: (See Figure 3-5)
11 = Gli-A o 1,
o31 = a3i- A N 3 ,
A a1
A 3
a1 +0 3P- 22
1 - a3q 2
(3.1)
(3.2)
(3.3)
(3.4)
(3.5)
Where the point "e" is the center of the original Mohr Circle, and "f" is the center
of the Mohr Circle after the stresses are redistributed.
The first equation is
f
be
(a1 - a 1) - (3 - a 03)
2
(01 -a 3)
2
a1 - 03 - (m - 1)A ao3  2q- (m- 1) A a 3
01 - 0 3 2q
Because the triangle o-a-f - the triangle o-b-e, the second equation is
(aI - A a 1) + (73- A a3 )
2p - (m + 1)A a3
2p
be of
be oe (Ga + a3)
2
(3.6)
(3.7)
From the above two equations, we can get
2q- (m- 1) A a 3  2p - (m + 1) A 3
2q 2p
a1 + 03 01 - 03
p+q 2 2 01
m -
-
p-q o1 + 3  1 03  03
2 2
(3.8)
(3.9)
(3.10)
(3.11)
A a0
m =Aa 3 '
then
A a 3  a3
A~ oz 03
Therefore, after the stresses are redistributed, a new 'm' can be obtained according to the
above conclusion. The "m", therefore, will allow one to determine the new slope of the Mohr-
Coulomb Failure Envelope. The new slope will become steeper if the new 'm' is greater than the
old 'm', and vice versa.
Two variables are defined as below:
Oli
Omi 3i
Because
(3.12)
m2 = 11 (3.13)
031
The definitions of m, and m2 will be used in the following section.
3.3.2 The Explanation for the Development of Triangular Prisms
There are three different regions with which we are concerned (see Figure 3-2).
Region 'A', which is at the edge of top triangle, is getting a flatter failure slope (see Figures (3-1,
3-2, 3-3, and 3-4). Point 'B', which is at the intersection point of the upper and the lower triangles,
is moving upward while region 'C' retains almost the same slope. It is noted that all these parts of
the prism are at relative and not absolute positions.
Because major principal stresses are approximately horizontal in the triangular
prism, the pole point of the Mohr Circle is at the a~ point. The direction of the failure surface can
be obtained from the straight line that passes the pole and the point where the failure envelope is
tangent to the Mohr circle.
Region 'A' will expand vertically when the trapdoor moves downward. Because
the vertical support is released; the vertical stress oai will therefore decrease by a03. Because the
slope of the failure surface is getting flatter in region 'A', the Mohr-Coulomb Failure Envelope
shifts to a steeper slope. In other words, this part of the soil develops a bigger friction angle, and
can keep the upper triangle flatter (See Figure 3-6).
From the above conclusion of Section 3.3.1,
all m 2 >  1 - 0- (3.14)C31 T3i -- A Y3 Y3i
Therefore,
o3i (ali - A o1 ) > oli (a3i - A o 3) (3.15)
a3i. A 1 < 11. A * 3  (3.16)
Aa 1 li
< -= m0 . (3.17)
The change in horizontal stress will be smaller than'm,' times the change in the vertical
stress. The value of 'm,' will be different when different kinds of sand are concerned.
Region 'C', seems to keep the original slope of the failure surface while the other
regions are changing the slopes of the failure surface (see Figures 3-2, 3-3, and 3-4). This means
that those on the edge of the lower triangle will have almost the same Mohr-Coulomb Failure
Envelope, whose ratio of change in major principal stress to the change in minor principal stress is
m 1 , too. Actually, from Figure 2-14, one can see that the maximum shear strain remain almost
unchanged in magnitude at the innermost edge of the lower triangle. For a specific Mohr-Cou-
lomb Failure Envelope whose slope is not zero, those points which have the same maximum shear
stress on the failure surface should be on the same Mohr Circle. This means that there are no
changes, or only slight changes in the major and minor principal stresses (see Figure 3-8).
3.4 Explanation of Triangular Arching by Using the Mohr Failure Envelope
The Mohr Failure Envelope is a curve, unlike the Mohr-Coulomb failure envelope which
is a straight line. The reason that most scientists use the Mohr-Coulomb Failure Envelope is
because the Mohr-Coulomb failure envelope is simple and easy to use. However, the Mohr Fail-
ure Envelope is closer to the test result (Halts, & Kovacs, 1981).
The pole point of the Mohr Circle is still at the ao point, and the direction of failure surface
can also be obtained from the straight line that passes through the pole and the point where the
failure envelope is tangent to the Mohr Circle.
Only two regions 'A', and 'C' can be explained by using the Mohr Failure Envelope:
Region 'A' will expand vertically when the trapdoor moves downward, and the horizontal
stress al will decrease with respect to the decrease in vertical stress a3. The Mohr Circle, there-
fore, moves left. Because the slope of the Mohr failure envelope gets steeper when the stresses get
smaller. Then, the slope of the failure surface gets flatter until the Mohr failure envelope is tangent
to the point of origin. It means that the slope of the failure surface cannot be flattened anymore
(see Figure 3-9).
Region 'C' again seems to keep the same slope of the failure surface. This means that
those points on the edge of the lower triangle (See Figures 3-2, 3-3, and 3-4) will have the same,
or almost the same, stresses. On the other hand, Figure 2-14 shows us that there are the same max-
imum shear stress in the innermost triangle. For a specific Mohr Failure Envelope, every Mohr
circles tangent to the failure envelope, has exact only one maximum shear stress. So those points
which have the same maximum shear stress on the failure surface have the same Mohr Circle,
which means that there are no changes, or only slight changes in the major and minor principal
stresses (see Figure 3-10).
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Chapter 4. Application of Triangular Arching in the PreSup-
port Tubes
4.1 Introduction
From the results of Evans' and Stone's research (see Figures 2-11, 2-13, 2-14), several
phenomena can be observed. For example, the sand samples always try to form a triangular prism
in the early stage. After the trapdoor effect starts, the shapes of the yield zone changes with the
downward movement of the trapdoor. In real cases, the time period between the completion of
driving a micro-tunnels and the completion of installing the pre-supporting tubes is a major con-
cern. The longer the time period that leaves the opening unsupported, the greater the downward
the movement of the crown (See Figure 4-1). Larger downward movements of the upper half of
the tunnel face will produce the same effect as the downward movement of a trapdoor.
Second, after the width and location of the trapdoor are decided, the shape of the yield
zone can be a parabola (Iglesia, 1991), or triangle (Evans, 1983), and have an angle of 0 = 900 -,
at the edges when the minimum load is reached (See Figure 2-15). Therefore, the width and loca-
tion of the trapdoor becomes a major concern in deciding the failure zone.
Bulson (1985) did a series of model tests using non-circular pipes, closed cylinders and
shells under static loads. He found that the stress distribution is totally different from that of the
circular tubes, and the surface settlement is therefore different. For example, thin-walled square
tubes have similar inward deflections between the roof and sides at deep cover, but have only a
small inward deflection of the sides at shallow cover. He also maintained that he monitored results
for different shapes of the pipe such as the elliptic culverts used in Canada.
In this chapter, the idea of a triangular prism is extended into the open face of a tunnel or
a pre-support tube, by assuming that the open face can be divided into a combination of many hor-
izontal trapdoors, and assuming that those trapdoors have a very small height. Furthermore, the
assumption is extended to compare the different tube shapes. The circular tube and the triangular
tube, will be used for analysis by employing empirical methods, and by using a finite element
analysis to compare different ground surface settlements induced by different tube shapes.
4.2 Comparisons between the Circular Tube and the Triangular Tube
4.2.1 The Possible Width of the Failure Base
All circular tubes can be roughly divided into two groups. thick-walled pipe, and thin-
walled pipe. In general, the thin-walled pipe is more flexible than the thick-walled pipe. A useful
experimental program was reported by Allgood and Herrmann(1969), who examined reinforced
model cylinders buried in dry sands with their longitudinal axis parallel to the surface. According
to this procedure, twelve cylinders were tested with varying thicknesses, reinforcements, and
cover depths.
The outcome of the tests shows that the thick-walled cylinders have a small deflection at a
low surface load. However, a thick-walled cylinder can develop longitudinal cracks, lose stiff-
ness, and, therefore, have higher deflections than a thin-walled pipe at a higher load. In real
cases, if longitudinal cracks occur, the thick-walled concrete pipe will produce more soil loss
than the thin-walled pipe. The cracks could extend to the springline (see Figure 4-2).
Bulson (1985) did some collapse model tests using thin-walled cylinders and pipes (see
Figures 4-2 & 4-3). In his tests, twelve cylinders were tested, with varying thicknesses, reinforce-
ments and cover depths. The results of his tests indicate that, regardless of the depth of cover, the
pipes will eventually end up with the same forms, yielding from the points close to the spring-
lines, which are at the position of the maximum cross-section. From the results of thin-walled and
thick-walled pipe tests, it seems to be reasonable to assume that the horizontal maximum cross-
section is the preferred location to assume an equivalent trapdoor base; because the crack, or
yielding, will finally extend from springline to springline.
There are different opinions about the location and width of the trapdoor base. Munn et al
(1970), for example, have suggested the width of the base should match the points of possible
crown failure of the tube (see Fig 4-5). Most people choose the diameter of the tube as the width
of the base, however, since it seems more reasonable to use the diameter as the width of the trap-
door base when the shield tunnel, or micro-tunnel, is excavated in clay soils. This is so since clay
has a higher strength due to cohesion, which possibly allows workmen to finish the support before
the clay yields.
For sand, most of the deformation takes place immediately after the excavation. The sand
will soon reach the maximum soil strength state, which requires little deformation. It is reasonable
to assume that the triangular prism still forms even if there is good workmanship. Therefore, the
analytical method used for sand will be different from the one for clay. The assumed width of the
trapdoor base with sand changes with location, which will be discussed in section 4.2.2.
4.2.2 The Base Location during the Occurrence of the Trapdoor Effect
Again, there have been many different assumptions regarding the location of the trapdoor
base. Placing the base at the crown of the tunnel seems too conservative when the diameter of the
tube is still assumed to be the width of the trapdoor. However, the assumption of Munn et al
(1970), who performed the tests on circular arches and presented the idealized failure mode (see
Figure 4-5), seems to be overly optimistic about the location of the crown failure. In the same
year, Meyerhof (1970) did some interesting model tests and found that the crown failure is not
limited to the two points of Munn's, but can extend from one springline to the other when a rela-
tively shallow cover is concerned. However, it is conservative to use the biggest slipline, which
tangent to the opening, for design.
Figures 2-4 and 2-5 show an important fact that the yield triangle can propagate along its
sliplines, which are tangent to the opening in a horizontal plane at the elevation of the tunnel cen-
ter, which is also the maximum horizontal section of the opening. The directions of crack propa-
gation are almost the same as those of the sliplines (see the connected straight lines in Figure 2-4).
To be conservative, in the comparison of the circular tube and triangular tube in sand, the width of
the trapdoor's base is, therefore, assumed to be the distance between the two points where the two
tangent sliplines intersect the horizontal plane of the maximum section.
4.2.3 Assumptions Used for the Empirical Comparison
Einstein, et. al. (1980) presented a way to optimize the performance of supports (see Fig-
ure 4-7). They argue that the optimization requires that the support system be designed so that the
maximum strength of the ground mass is mobilized. i.e. the soil itself sustains most of the redis-
tributed load resulting from the excavation, and leaves only a small load to be carried by the sup-
port. So they try to intersect the ground characteristic curve at its lowest point by adjusting the
stiffness and location of support. However, we must also notice that different sizes of openings
will produce different maximum strengths. The bigger the opening is, the larger the minimum
force is required to be supported.
Peck and Schmidt (1969) presented an empirical method to calculate the ground surface
settlement. In their method, one of the parameters used for analysis is the amount of ground loss
v0, which is defined as the volume per unit tunnel length enclosed between the final excavation
line and the initial position of these points prior to excavation (see Figure 4-8). They determine
this value as a percentage of the cross-section.
However, when the different shapes of openings are analyzed, the yield zones shall follow
the sliplines. The circular tube will, therefore, have a larger ground settlement. The reason is
explained below (see also Figure 4-9):
1. The geometry of the half circular tube can be defined as half circle a-b-d-e.
2. The geometry of the triangular tube can be defined as triangle a-c-e.
3. The method mentioned in Section 4-2-2 is used to decide the width and location of the
trapdoor effect for the two different kinds of tubes.
4. Only the upper parts of the tubes are used in the analysis of the trapdoor effect.
5. When the triangular tubes a-c-e-is concerned, the maximum possible sliplines, which
pass the tube, are ac and ce. So the upper yield zone should be triangle a-c-e.
6. When the circular tube is considered, the maximum possible sliplines for the tubes are
jf and hj, which are the tangent lines of the tube. So the upper yield zone should be the
triangle f-h-j. The top angle of this triangle will be maintained in the following section.
4.2.4 Quantitative Comparison Using the Empirical Method
"Prediction of ground loss is very difficult because of the influence of many factors not
only of the soil (non-linear behavior, delayed deformation), but also details of the construction
procedure (type of excavation and support systems, advance rate, etc.), and the 3-dimensional
character of the problem. As a consequence, the theoretical methods by themselves are not suit-
able, and only the experience gained from measurements in actual cases gives a basis for reliable
predictions." (Sagaseta, 1992).
The most successful empirical method has been the "Error Curve" method (Peck, 1969;
Schmidt, 1969). By using the following equation. Figure 4-8 shows the transverse settlement pro-
file fitted by Gauss curve:
8v max = exp 2 (4.1)
where 8V is the transverse settlement, 8max is the maximum settlement (at the tunnel centerline,
i.e. x=O), and "i" is the abscissa of the point of inflection. A property of the error curve is the vol-
ume of settlements enclosed by the error curve and the horizontal axis:
Vs = (2) ) 0 5 .i.8 - a = 2.5 - i 8m (4.2)
where v3 is the volume of settlements enclosed by the error curve and the horizontal axis, and is
related to the amount of ground loss vo. vo is generally given as k percentage of the cross-section
area of the tunnel. Attewell et. al. (1986) suggested that the value k is usually between 0.5 percent
and 2.5 percent when cohesive soils are considered, and ranges from 2 percent to 5 percent when
the tunneling is done in granular soils above the water table. After comparison with cohesive
soils, Attewell et. al. (1986) found that the granular soils are more dependent on operators' expe-
rience and skills. They also mentioned that the k value should be adjusted to 2-10 percent when
the granular soils are below the water table, and be appropriately chosen as 5 percent for prelimi-
nary calculations. v, is generally chosen as a fraction "ar " of the ground loss at the tunnel
(v, = a, -vo), where the factor av is defined as "1" when incompressible soil (clay) is concerned,
and is 0 _ a_, 1 when drained soil is involved.
Peck (1969) also suggested that the ratio "i/D" depends on the relative depth "H/D" and
the soil types, where 'D' is the diameter of the tunnel, and 'H' is the length of the cover above the
crown of the tunnel. The further revision reduces the influence of the soil types, and a unique rela-
tion between "i/D" and "H/D" is proposed for any type of soil:
i 1 H n
= ý ( ) (4.3)
where the "n" is 1.0 (Attewell, 1977) or 0.8 (Clough & Schmidt, 1981; Schmidt,
1988)(see Figure 4-11).
My assumptions for the empirical analyses are:
1. The triangular yield zones are used to estimate vo , not the cross sections of the tunnel.
2. The ground loss v, is equal to "K" percentage of the yield zone. i.e. v, = K -A.
3. The factor a, is taken as the mean value of the drained case where 0o av _ 1 (Attewell
et.al., 1977). i.e. a, is 0.5.
4. The factor 'n' is equal to 1 (Attewell's assumption, 1977).
Hence:
i/D=1/2 * (H/D); thus, i=1/2 * H
Vo = K-A (4.4)
where A is the area of the triangular yield zone, and K is a constant.
Vs = a V. = 0.5. V = 2.5 - i a= 1.25 -H - masv o o max max
(4.6)0.5 K-A = 1.25.H.8 max
thus
max A0.4 --K H (4.7)
As long as we get the internal friction angle € of the soil, the area of the yield zone
can be obtained by using 2o as the top angle of the triangle; The triangle d-e-f is tangent to the cir-
cular tube, and the triangle a-b-c is a similar, and smaller triangle with d-e-f; the calculation for A
is discussed below (see Figure 4-12).
The estimated yield zones of circular and triangular tubes at the friction angle is €, where
the radius ýb is chosen as an unit length "1 m", which is a common size for horizontal pre-sup-
porting pipe, and the angles cab and fae are equal to twice the frictional angle 0. Thus,
from the Figure 4-12,
oe = sec4
od = oe tan ( - ) = sec -cote = csco
oa = cot
2.cotQ
Aabc = 2 = cot
where the triangular tubes are used.
(4.8)
(4.9)
(4.10)
(4.11)
(4.5)
2sec# . csc#
Adef 2- cs sec -csc$ (4.12)
where the circular tubes are used.
max (abc) 0.4
- x coto (4.13)K H
max(dej) 0.4 - sec4 -csc( (4.14)K H
8max (dej) 0.4 - sec " -csc ( 1 (4.15)
rmax(abc) 0.4 -Coto cos 2
In general, the friction angles of sand range from 300 for loose sand to 450 for dense sand
(Lambe and Whitman, 1979). Therefore, the biggest difference in ground surface settlement
occurs between the triangular and circular tube when 0 is close to 450(dense sand). The ratio of
ground surface settlement induced by a circular tube to the one induced by a triangular tube is
about 2 for 0 = 450 (dense sand). This ratio of ground surface settlement is 1.33 when 0 is close to
300(loose sand).
A program written for the calculation of the settlement at the ground surface is listed in
Appendix A. This program is based on the "Error Curve". The only difference between my pro-
gram and the "Error Curve" is that the yield zones are used to estimate the ground loss, not the
tunnel cross-section. For the purpose of simplicity, there are some assumptions presented below
(see Figure 4-12):
1. When the horizontal distance between the vertical center line and the pre-support tube,
x, is between one sixth of the radii of the tunnel (see Figure 4-12, section A), the pre-
supporting tubes are arranged with a midpoint distance equal to one full diameter in the
x direction. The vertical positions can then be obtained by the Pythagorean Theorem.
2. The rest of pre-support tubes (see Figure 4-12, section B) are arranged with an space at
midpoint distance equal to one full diameter in the vertical direction. The x positions can
also be obtained by the Pythagorean Theory
3. The "Error Curve" is based on natural openings, or caverns. It does not include the
effect of reinforcement, temporary or permanent support. So the results of calculations
are higher than the field settlement using modern technologies; the results should multi-
plied by a reduction factor, which will be different for different methods, or technologies
used to reduce the settlements.
4.3 The Numerical Comparisons between the Circular and Triangular Tubes
4.3.1 Introduction
In this section, the finite element method (FEM) is used to compare the difference between
the traditional circular pre-support tube and the proposed triangular pre-support tube. To simplify
the comparison, the influence on the neighboring tubes is neglected. In my analysis, a circular
and a triangular tube are placed in the same environment, in which they have 200 Kpa uniform
surface loading, and have no pressure on the inside surface of the opening; it means that there is
no support.
The influence of the depth of cover is determined by using different depths of cover while
the ground surface bears the same uniform loading. Therefore, the different ground surface settle-
ments, due to the different depths of cover are obtained.
4.3.2 The Material Models
There are many material models that can be used in the analysis. Even for the same type of
soil, different material characteristics can be obtained from various tests. However, the differ-
ences between soils are not part of our consideration. To simplify the scope of the problem, the
following material models are chosen for this analysis.
Larson (1989) presented the Automated Plane Strain Reinforcement (ASPR) cell (see Fig-
ures 4-13, & 4-14), which measures the tensile stresses induced in a planar reinforcement due to
the shearing of the surrounding soil. The ASPR cell applies uniform boundary tractions (a1, a3) to
deform the soil compression and can contain a single reinforcement with depth. The results of his
five plain strain tests showed that for dense Ticino sand, the soil stiffness modulus ranges from
18,000 to 19,000 kpa; the dry unit weight is about 1.64 glcm3 ; the initial yielding stresses are
between 210 to 270 kpa (see Figure 4-15), and the mobilized friction angle is about 520.
In the present analysis, the stiffness modulus is assumed to be 18,500 kpa, rd is assumed
to be 1.64 g/, and the initial yielding stress is 240 kpa. However, the friction angle in his model
seems too high for practical cases. The reason why he got higher friction angles in ASPR tests is
that ASPR tests using low confining stresses. In the real case, the confining stress is larger than
ASPR tests. So lower value should be used. 450 is used as the friction angle in my comparison
(dense sand). The Poisson ratio is assumed to be 0.3 for analyzing the influence induced by differ-
ent depths of cover. The perfect elasto-plastic model is used, i.e. the stiffness modulus is zero after
the soil yields.
4.3.3 The Geometry of Models
There are two different kinds of tubes used for comparison (see Figure 4-17).The circular
pre-support tube has a radius of 1 m. The triangular pre-support pipe has the same circular shape
in its lower half potion to reduce the stress concentration. The upper half, however, is a triangular
prism. The top angle of the prism is equal to 2). The angle is the same as assumed by Evans and
Iglesia.
Figures 4-18 to 4-20 show the geometry and FEM meshes for the circular tubes with dif-
ferent depths of cover. Figures 4-21 to 4-23 show the geometry and FEM meshes for the triangu-
lar tubes with different depths of cover. The boundary conditions are similar in all cases. For
example, Figure 18 has the following boundary conditions:
1. Planes EF and FG having a fixity in y direction while there is no fixity in the z direction.
2. Plane HG has a fixity in z direction while there is no fixity in the x direction.
3. Plane EF bears a 200 Kpa uniform vertical load.
4. The circular opening is excavated first, then the gravity is added.
5. There is no load applied on the inner surface of tube.
6. Points G and H are fixed in both y and z directions.
4.3.4 The Finite Element Method (ADINA)
ADINA is a finite element program for two dimensional and three dimensional analysis.
Both static and dynamic analysis of structural systems can be analyzed. Its library of material
models permits us to analyze both linear and nonlinear materials. There is one limitation for ana-
lyzing the soil model. The limitation is that ADINA does not offer a strain softening model for
analysis, because ADINA is primarily designed for analyzing structural problems.
4.3.5 The Results of the Numerical Method
Figures 4-23 to 4-25 show the results of ground surface settlements vs. different depths of
cover for circular tubes. Figures 4-26 to 4-28 show the results of ground surface settlements vs.
different depth of cover for triangular tubes. The above results are summarized in Figure 4-29,
and Table 4-1. The results show us that the shallower the cover, the greater the difference between
ground surface settlement; the settlement difference is 0.6 mm when the cover is 9m, and is 4.8
mm when the cover is 2 m.
Figures 4-30 to 4-32 show the results of maximum shear stress vs. different depths of
cover for circular tubes. Figures 4-33 to 4-35 show the results of maximum shear stress vs. differ-
ent depth of cover for triangular tubes. The above results are summarized in Figure 4-36, and
Table 4-2.
In real design (see Figure 4-16), the triangular pre-support tubes have arc shapes in all
connection points (the top of the triangular prism and the spring line), possibly reducing the stress
concentration.
An additional FEM analysis is employed (see Figures 4-37, 4-38, 4-39) to compare differ-
ent settlements induced by a circular opening and by a larger modified opening. This is one of the
possible methods to include the yield zone of the circular tube. The results show that the circular
opening a-b-l-k has almost the same ground surface settlements as the Polygon f-b-d-l-k-i (Figure
4-24 and Figure 4-39).
It is possible that the procedures of construction are more complicated when triangular
tubes are used instead of circular tubes. However, the above results of the numerical analyses
show that the triangular pre-support tubes may be better when the ground surface settlement is a
very important consideration, such as in constructing shallow tunnels in cities.
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Figure 4-15 The Geometries of Circular and Triangular Pre-support Pipes
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Figure 4-17 The Global Geometry and FEM Mesh for a Circular Tube
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Figure 4-18 The Global Geometry and FEM Mesh for a Circular Tube
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Figure 4-19 The Global Geometry and FEM Mesh for a Triangular Tube
(Cover = 2 m)
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Figure 4-20 The Global Geometry and FEM Mesh for a Triangular Tube
(Cover = 4 m)
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Figure 4-21 The Global Geometry and FEM Mesh for a Triangular Tube
(Cover = 9m)
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Figure 4-22 The Ground Settlement for a Circular Tube (Cover = 2 m)
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Figure 4-23 The Ground Settlement for a Circular Tube (Cover = 4 m)
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Figure 4-24 The Ground Settlement for a Circular Tube (Cover = 9 m)
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Figure 4-26 The Ground Settlement for a Triangular Tube (Cover = 4 m)
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Figure 4-27 The Ground Settlement for a Triangular Tube (Cover = 9 m)
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Figure 4-28 Summary of Results from Figures 4-22 to 4-27
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Figure 4-29 Maximum Shear Stress for a Circular Tube (cover = 2 m)
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Figure 4-30 Maximum Shear Stress for a Circular Tube (cover = 4 m)
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Figure 4-31 Maximum Shear Stress for a Circular Tube (cover = 9 m)
109
N-J
Cco
U! •"
<
Z
L 1
an'• o
0 D
CO w
cr..~
w w
Co
EZ•
N
CI)
W W
n _
00.00
r- C LO O O O
ij jI , l -I L.\ IY ý N
Figure 4-30 Maximum Shear Stress for a Triangular Tube (cover = 2 m)
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Figure 4-33 Maximum Shear Stress for a Triangular Tube (cover = 4 m)
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Table 4-1 The settlements of Circular and Triangular Tubes
The Depths of Circular Tu'be Triangiar Tube The Different
Cover Settlements
2 m 12.79 cm 12.21 cm 0.48 cm
4 13.20 cm 13 . 03 cm 0 .17 cm
:9 M 20.63 cm (20.57 cm 0.06 cm
!Table 4-2 The Max. Shear Stresses of Circular and Triangular Tubes
The Depths of Cover Circular Tube Trianglar Tube The Different Max.
Shear Stresses
2 m 142.8 KPa 204.2 KPa 61.4 KPa
4 m 132.9 KPa 133.6 KPa 0.7 Kpa
9 m 119.5 Kpa 1113.9 KPa 5.6 KPa
C-Circle a-b-l-k : Original Yield Zone
-Polygon f-d-b-l-k-i : Modified Yield Zone
Figure 4-36 The Modified Yield Zone of Circular Opening
in Uniform Soil
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Figure 4-37 The Global Geometry and FEM Mesh for the Modified Model
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Figure 4-38 The Settlement for a Modified Model
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Chapter 5.Conclusion and Recommendations for Future
Research
5.1 Conclusion
The development of arching has not been well understood so far. It, however, plays a sig-
nificant role in engineering design. For economic reasons, it is cost-effective for geotechnical
engineers to take into account the effect of arching in the design of structural supports. The
ground adjacent to a structure, for example, can cause the subterranean structure to have a much
greater load-carrying capacity than an identical, yet unburied, structure. On the other hand, the
arching effect can sometimes cause the buried structure to have less load-carrying capacity than
an unburied identical structure, which may result in the collapse of the constructed object. The
safety issue hence makes the effect of arching a major concern for engineers.
The development of arching can be roughly divided into four different stages. The first
stage is an original triangle, and the other stages are different combinations of two triangles. One
triangle has a flatter slope than the original one; and the other has a steeper slope than the original
one.
The Mohr Failure Envelope is used to explain the different stages of arching. It explains
quite well the edges of the above triangular combinations, but explains poorly the points of the
intersections of the two triangles. The Mohr-Coulomb Failure Envelope, on the other hand,
explains the behavior well for all the regions.
By clearly categorizing the different stages of arching, using the Mohr Failure Envelope
and the Mohr-Coulomb Failure Envelope, further understanding of the development of arching
can be reached.
No matter how deep or shallow a tunnel is to be built, an appropriate considation is needed
to prevent potential collapse. It should be noted that the formation of triangular arching needs a
certain depth of cover above it. As a result, if a deep tunnel is being built in sandy soil, some dis-
placement of the above soil can be beneficial to the tunnel structure, for example, making the soil
produce its maximum strength. However, to build a shallow tunnel, reducing the displacement of
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the soil is the best way to prevent the settlement at the ground surface, which is especially crucial
if the tunnel is being build in a city.
Transforming the traditional horizontal pre-supporting circular tube into the new triangu-
lar design minimizes the yield zones of the opening, and the settlement of the ground surface will
decrease. Both the empirical explanation and the F.E.M. method prove that the triangular pre-sup-
port tubes can reduce the ground surface settlement better than the traditional circular pre-support
tubes.
5.2 Recommendations for Future Research
There are a number of areas concerning the arching effect where further research is
needed. Some of them are summarized below:
1. The directions of the major principal stresses during the transformation between differ-
ent stages of arching are not known. In the present analysis, the directions of major prin-
cipal stresses are assumed to be horizontal. Evans (1983) has argued that major principal
stresses are horizontal when the triangular prism forms. It is unclear, though, how these
directions change during the transformation between different arching stages.
2. The triangular tubes can also produce greater inter-locking effects by changing the
lower portion of the tube into a circular shape. It remains unclear that what kind of shape
is an optimal one. Again, all the connection points (Figure 4-17) need to keep an arc
shape to reduce the stress concentration.
3. The 'Error Curve' method for settlement prediction was originally obtained from the
natural caverns, or tunnels which do not have reinforcement and pressure support.
Therefore, a reduction factor for the calculated settlements with modern construction
technology is required. The reduction factor will change according to different excava-
tion technologies and soil types.
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APPENDIX A
The Computer Program Used for Empirical Comparison
between the Circular and the Triangular Tubes
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Function to Calculate the Surface Settlement by Peck's Error Curve
" Shu-Sheng Chen "
minclude <stdio.h>
'inciude <math.h>
ginclude <stdlib.h>
Declare the prototypes cf function "'
double 'settlement(double hc,double tr.double sr,int np,double r!. double rr,double
void reout(double -a.FILE *f.int np );
void main( )
int np,type, typel;
double hc,tr.sr,rl,rr,q,kl.k2,dwt, *b;
FILE "fl;
char str(20G;
printf("Please Choose the below Type of Tubes \n");
printf(" 1. Tringular Tube. n");
-rintf," Z. Circular Tube. n"
scanf("%d",ltype);
if ( type != 1 && type != 2){
printf(" You Have a Wrong Choose \n");
exit(-!);
printf("Please Choose the soil type
printf(" 1. Cohesive Soil. \n");
printff" 2. Granular soil. \n" ):
scanf("%d',&typel);
if ( typel != 1 && typel != 2 )(
printf(" You Have a Wrong Choose
exit(-1);
else if ( typel == 1){
kl=0.005;
k2=0.025;
else if ( typel == 2){
kl=0.02;
k2=0.05;
printf(" Please Key in the
scanf("%lf",&hc);
printf(" hc = %f \n',hc);
printf(" Please Key in the
scanf("%lf",&tr);
printf(" tr = %f \n",tr);
printf(" Please Key in the
scanf("%lf",&sr);
printf(" sr = %f \n",sr);
printf(" Please Key in the
scanf("%d",&np);
printf(" np = %d \n",np);
Length of the Cover in Meters \n');
Radius of the Main Tunnel in Meters \n");
Radius of the Pre-Supporting Tube in Meters \n');
Number of Surface Data Pt. in Odd Integer Nuimber \n');
printf(" Please Key in the Left Range of Surface Settlement for Calculating in metez
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=canf"'%lf",&rl);
printfl" ri = %f \n".rl);
print'f" Please Key in the Right Fange of Surface Settlement for Calculating in met
scanf("%lf",&rr);
rinrtf" rr = %f \n",rrl;
printf:" Please Key in the Friction Angler of Soil in Degree \n");
scanf("%lf",&q);
printf," q = %f \n",q);
printf:"Please Key in How Far the Design Water Table Away from Ground Surface \n");
scanf("%lf",&dwt);
printf(" dwt = %f \n",dwt);
-f ( hc >= dwt){
printf(" This case is not suitable for using presupporting tube \n");
exit(-!);
printf(" Please Enter the Name of the Output file \n");
scanf ?"%s", str);
fl = fopen (str. "w");
c.check the open is successful or not
"( rfl == NULL)(
printf("error in opening %s",str);
exit(-l);
b=settlement(hc,tr.sr,np,rl.rr,q,type.kl.k2,dwt);
re-out(b,flnp);
/* Function to calculate the settlement */
double *settlement(double hcdouble tr,double sr, int np,double rl, double rr,double q, int type, double kl, double k2, double dwt)
double dx=0.0, *b, hl=0.0, maxsl=0.0, maxs2=0.0, x1=0.0, x2=0.0, y=0.0, ql=0.0;double It; /* The Rightmost Presupporting Tube for Design */
int i=0, j=0:
b = malloc((3*np)*sizeof(double));
if ( b== NULL)
exit(-l);
dx=(rr-rl)/(np-l);
ql=q'3.1416/180;
for (j=0; j<np; j++){
*(b+3*j)=0.0;
*(b+3*j+l) =0.0;
*(b+3*j+2)=0.0;
lt=sqrtipow((tr+l),2.0)-pow((hc+tr-dwt),2));
xl= -it;
for (hl=dwt ;xl <= (-tr/2); hl -= (2*sr))(
if (type == 1)(
max_sl = 0.4/hl*kl*1000;
max_s2 = 0.4/hl*k2*1000;
else (
max_sl = 0.8/(hl)/(sin(2*ql))*kl*1000;
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max_s2 = 0.8/(hl), (sln( ý -1))k2*1000:
If ( (tr+l) > (hc+tr-ni )) && tr 1= 0.0)
xi = ,-1.0)*sqrrt pow( itr+i) ,.0)-powi hc+tr-hl),-):
else
xli = 99999.9;/* conside only one main tunnei no supporting tube
for : x2= rl,j=0; x2 <= irr+0.01): x2 -= dx i+{
,(b+3':)= x2;
"(b+3,--l) t= (max sl)* exp(-x2*x2/2)):
-(b+3*j"2) += (max_s2)*(exp(-x2*x2/2));
for I ; (xl > (-tr/2)) && (xl <= (tr/2 ) ; xi += (2*sr)){
y=sqrtt(pow((tr+l),2.0)-pow(xl,-));
hl= hc + tr - y;
ft (type == 1){
maxsl = 0.4/hl*kl*1000;
maxs2 = 0.4/hl*k2*1000;
else (
max_sl = 0.8/(hl)/(sin(2*ql))*kl*1000;
max_s2 = 0.8/(hl)/(sin(2*ql))'k2*1000;
for ( x2= rl,i=O; x2 <= (rr+0.Ol); x2 += dx,i++ ){
*(b+3*i)= x2;
*(b+3*i+l) += (max_sl)*(exp(-x2*x2/2));
*(b+3*i+2) += (maxs2)*(exp(-x2*x2/2));
y=sqrt(pow((tr+1),2.0)-pow((tr/2),2));
hl=:: n r - y;
ror ( : (xl >= (tr/2 - 0.01)) && (xl <= (1t+0.01)); hl += (2*sr)){
xl=sqrt(pow((tr+l),2.0)-pow((hc +tr -hl),2));
if (type == 1)(
max_sl = 0.4/hl*kl*1000;
max_s2 = 0.4/hl*k2*1000;
else (
max_sl = 0.8/(hl)/(sin(2*ql))*kl*1000;
max_s2 = 0.8/(hl)/(sin(2*ql))*k2*1000;
for ( x2= rl,i=O: x2 <= (rr+0.0l); x2 += dx,i++ )(
*(b+3*i)= x2;
*(b+3*i+l) += (max_sl)*(exp(-x2*x2/2));
*(b+3*i+2) += (max_s2)*(exp(-x2*x2/2));
return(b);
127
' Function to Output Data fzr Drawing Figures
"oid re_out(double 'b,FILE `f,int nor
!nt :.Zest:
fprintf(f,"a = [ n");
for (i=0; i<np;l-+)
test=fprintf(f," %f %f %f \n",''b+3*i), (b+3*i+1) ,'b+3*i+2));
if (test < 0)
printf(" error in file write \n"):
fprintf(f," ]; \n")
return:
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Script started on Mon May 15 14:25:42 1995
athena% a.out
?lease Choose the below Type of Tubes
1. Tringular Tube.
Z. Circular Tube.
Please Choose the soil type
-. Cohesive Soil.
2. Granular soil.
Please Key in the Length of
hc = 4.000000
Please Key in the Radius of
8
tr = 8.000000
Please Key in the Radius of
sr = 1.000000
Please Key in the Number of
23
the Cover in Meters
the Main Tunnel in Meters
the Pre-Supporting Tube in Meters
Surface Data Pt. in Odd Integer Number
np = 23
Please Key in the Left Range of Surface Settlement for Calculating in meters
-20
ri = -20.000000
Please Key in the Right Range of Surface Settlement for Calculating in meters
20
rr = 20.000000
Please Key in the Friction Angler of Soil in Degree
40
q = 40.000000
Please Key in How Far the
9
dwt = 9.000000
Please Enter the Name of
al.m
athena% more al.m
[H (Ka = [ (K
[K -20.000000 0.000000
[K -18.181818 0.000000
[K -16.363636 0.000000
[K -14.545455 0.000000
[K -12.727273 0.000000
[K -10.909091 0.000000
[K -9.090909 0.000000
[K -7.272727 0.000000
[K -5.454545 0.000002
[K -3.636364 0.008470
[K -1.818182 1.206116
[K 0.000000 6.298413
[K 1.818182 1.206116
[K 3.636364 0.008470
(K 5.454545 0.000002
[K 7.272727 0.000000
[K 9.090909 0.000000
[K 10.909091 0.000000
[K 12.727273 0.000000
[K 14.545455 0.000000
[K 16.363636 0.000000
[K 18.181818 0.000000
Design Water Table Away from Ground Surface
the Output file
0.000000 [K
0.000000 [K
0.000000 [K
0.000000 [K
0.000000 [K
0.000000 [K
0.000000 [K
0.000000 [K
0.000005 [K
0.021174 [K
3.015289 [K
15.746032 [K
3.015289 [K
0.021174 [K
0.000005 (K
0.000000 [K
0.000000 [K
0.000000 [K
0.000000 [K
0.000000 (K
0.000000 [K
0.000000 [K
[H ([m2KGGH88e0--(95890Q9gss ap&08000 c4fttriue. 'q' to quit.] [m [J[K ]; [K
(Jathena% a.out
Please Choose the below Type of Tubes
1. Tringular Tube.
2. Circular Tube.
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Please Choose the soil =zpe
1. Cohesive Soil.
3. Granular soil.
Please Key in the Length of the Cover in Meters
hc = 4.000000
Please Key in the Radius of the Main Tunnel in Meters
3
tr = 3.000000
Please Key in the Radius of the Pre-Supporting Tube in Meters
sr = 1.000000
Please Key in the Number cf Surface Data Pt. in Odd Integer Number
23
np = 23
Please Key in the Left Range of Surface Settlement for Calculating in meters
-20
rl = -20.000000
Please Key in the Right Range of Surface Settlement for Calculating in meters20
rr = 20.000000
Please Key in the Friction Angler of Soil in Degree
q = 40.000000
Please Key in How Far the
9
dwt = 9.000000
Please Enter the Name of
al.m
athena% more a2.m
(H [Ka = [ (K
[K -20.000000 0.000000
[K -18.181818 0.000000
[K -16.363636 0.000000
(K -14.545455 0.000000
(K -12.727273 0.000000
[K -i0.909091 0.000000
[K -9.090909 0.000000
[K -7.272727 0.000000
[K -5.454545 0.000004
(K -3.636364 0.017200
[K -1.818182 2.449443
(K 0.000000 12.791144
(K 1.818182 2.449443
[K 3.636364 0.017200
(K 5.454545 0.000004
[K 7.272727 0.000000
[K 9.090909 0.000000
[K 10.909091 0.000000
(K 12.727273 0.000000
(K 14.545455 0.000000
[K 16.363636 0.000000
[K 18.181818 0.000000
Design Water Table Away from Ground Surface
the Output file
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
3.000000
0.000011
0.043001
6.123607
31.977861
6.123607
0.043001
0.000011
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
[K
[K
(K
[K
[K[K
(K[K
(K
[K
[K(K
[K(K
[K
[K
(K
(K
[K
[K
(K
[K
([ ([m2K99g800§--G9590090gss apBaO000 ctHtiHue. 'q' to quit.] [m ([J[K ]; [K
(Jathena% exit
athena%
script done on Mon May 15 14:28:22 1995
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